The Ndc80 complex establishes end-on attachment of kinetochores to microtubules, which is essential for chromosome segregation. The Ndc80 subunit is characterized by an N-terminal region that binds directly to microtubules, and a long coiled-coil region that interacts with Nuf2. A loop region in Ndc80 that generates a kink in the structure disrupts the long coiled-coil region but the exact function of this loop, has until now, not been clear. Here we show that this loop region is essential for end-on attachment of kinetochores to microtubules in human cells. Cells expressing loop mutants of Ndc80 are unable to align the chromosomes, and stable kinetochore fibers are absent. Through quantitative mass spectrometry and immunofluorescence we found that the binding of the spindle and kinetochore associated (Ska) complex depends on the loop region, explaining why end-on attachment is defective. This underscores the importance of the Ndc80 loop region in coordinating chromosome segregation through the recruitment of specific proteins to the kinetochore.
Introduction
The kinetochore is the macromolecular structure responsible for aligning and segregating sister chromatids during mitosis and for establishing the 'wait anaphase signal' of the spindle assembly checkpoint (SAC) (Cheeseman and Desai, 2008; Welburn and Cheeseman, 2008) . It assembles on the centromere region and is able to stably attach to dynamic microtubules a property required for faithful chromosome segregation. The kinetochore is composed of approximately 80 proteins present in multiple copies and a sub-complex referred to as the KMN network (KNL1-Mis12-Ndc80 network) is able to bind directly to microtubules (Cheeseman et al., 2006) . Within the KMN network the Ndc80 complex, composed of Ndc80, Nuf2, Spc24 and Spc25 plays an important role in binding to microtubules (DeLuca et al., 2002; Martin-Lluesma et al., 2002; Wigge and Kilmartin, 2001 ) via the calponin homology domains (CHDs) of Ndc80 and Nuf2 and the unstructured N-terminal tail of Ndc80 (Alushin et al., 2010; Ciferri et al., 2008; DeLuca et al., 2005; DeLuca et al., 2006; Guimaraes et al., 2008; Miller et al., 2008; Powers et al., 2009; Sundin et al., 2011; Tooley et al., 2011) . The binding of the Ndc80 complex to microtubules is negatively regulated by the error correction machinery through the direct phosphorylation of residues in the N-terminal tail of the Ndc80 subunit by Aurora B (Akiyoshi et al., 2009; DeLuca et al., 2006; Welburn et al., 2010) . In addition the KNL1 subunit of the KMN network has microtubule binding activity and both the Ndc80 complex and KNL1 contributes to the overall microtubule binding activity of the kinetochore (Cheeseman et al., 2006) . The Ndc80 complex is an elongated rod-like molecule of approximately 55 nm composed of a central long coiled-coil region and terminal globular domains (Ciferri et al., 2005; Ciferri et al., 2008; Wei et al., 2005) . Architecturally the Ndc80 complex is composed of the Ndc80-Nuf2 dimer the C-terminus of which binds the N-terminus of the Spc24-Spc25 dimer. The Spc24-Spc25 globular domains tether the complex to the inner kinetochore allowing the microtubule binding activity of Ndc80 to face outwards from the kinetochore. The long coiled-coil region of Ndc80 is disrupted by a loop region, which potentially results in a kink in the structure as revealed by electron microscopy (EM) analysis (Wang et al., 2008) . Although the loop is only weakly conserved in sequence its position in the coiled-coil is conserved. The exact function of this internal loop region is not clear but it has recently been shown to be essential for end-on attachment and microtubule dynamics in both Saccharomyces cerevisiae and Schizosaccharomyces pombe through the recruitment of the Dam1 complex or Dis1 respectively (Hsu and Toda, 2011; Maure et al., 2011; Schmidt and Cheeseman, 2011) . In mammalian cells it has been proposed to be part of an intra-kinetochore tension sensor based on careful measurements of kinetochore protein distances (Wan et al., 2009) . Although the loop likely gives rise to flexibility in the Ndc80 complex, the projection distance along the interkinetochore axis does not change (Wan et al., 2009 ).
Although the KMN network constitutes the main microtubule binding activity of the kinetochore a range of proteins play a role at the interface of microtubules and the kinetochore ensuring proper attachment. This includes the spindle and kinetochoreassociated (Ska) complex (Daum et al., 2009; Gaitanos et al., 2009; Hanisch et al., 2006; Theis et al., 2009; Welburn et al., 2009) , the checkpoint proteins Bub1 (Meraldi and Sorger, 2005) and BubR1 (Lampson and Kapoor, 2005) , Cenp-E (Yen et al., Fig. 1 . See next page for legend. 1991), Dynein-Dynactin (Whyte et al., 2008) , the RZZ complex (Karess, 2005) , Spindly (Barisic et al., 2010; Chan et al., 2009) and the Astrin-Skap complex (Schmidt et al., 2010) as well as a range of microtubule plus-end directed motor proteins. Exactly how microtubule binding by the KMN network is integrated with the activities of these proteins is a significant question.
Here we have investigated the role of the internal loop region of human Ndc80. We find that the loop is essential for establishing end-on attachments to microtubules by regulating the recruitment of the Ska complex to kinetochores.
Results
The Ndc80 internal loop is essential for end-on microtubule attachment
A coiled-coil prediction of human Ndc80 reveals that the region from amino acid 426 to 459 disrupts the coiled-coil structure potentially forming a loop region ( Fig. 1A ; supplementary material Fig. S1A ). To analyze the role of this loop region in Ndc80 we first established a system to remove the endogenous Ndc80 using RNAi and then express siRNA resistant versions of Ndc80 tagged with the YFP variant Venus at the C-terminus. Inducible isogenic HeLa cell lines were generated using the FRT system allowing comparison of wild-type Ndc80 and mutant versions. Recording both differential interference contrast (DIC) images and the Venus signal by time-lapse microscopy allowed us to analyze mitotic defects (Fig. 1) . Upon depletion of Ndc80 the cells mounted a robust mitotic arrest and chromosomes never formed a metaphase plate as expected. Although the depletion of Ndc80 was efficient residual amounts remained sufficient to activate the SAC (Meraldi et al., 2004) . The induction of wild type Ndc80 resulted in complete rescue of this phenotype as cells aligned and segregated their chromosomes with normal kinetics showing that our complementation assay worked (Fig. 1C,D) . In contrast cells expressing a version of Ndc80 with most of the loop region removed, Ndc80 (D427-452) (hereafter referred to as Ndc80dLoop), were unable to rescue the Ndc80 RNAi phenotype and the chromosomes never managed to form a metaphase plate resulting in a Mad2 dependent arrest (Fig. 1C,D) . Cells depleted of Ndc80 or expressing Ndc80dLoop rarely entered anaphase and most cells stayed arrested throughout the recording and 'anaphase' was set to the time the recording ended, which underestimates the NEBD-anaphase transition under these conditions. The Ndc80dLoop construct appeared to localize to kinetochores normally as judged by the dot like appearance of the Venus signal. The same phenotype was observed in cells expressing Ndc80dLoop without depletion of the endogenous Ndc80, showing that Ndc80dLoop phenotype is dominant (supplementary material Fig. S2 ). This revealed that the loop region of Ndc80 is essential for chromosome alignment and segregation.
To analyze the defects in Ndc80dLoop expressing cells in more detail we performed immunofluorescence analysis staining for microtubules and Ndc80. In agreement with the live cell analysis, cells rescued with Ndc80 formed metaphase plates with microtubules making end-on attachment to kinetochores (Fig. 1E ). Cells rescued with Ndc80dLoop did not form a metaphase plate but lateral interactions with microtubules were observed when single z-sections were inspected (Fig. 1E ). These observations were further confirmed by performing a coldstability assay (Rieder, 1981; Salmon and Begg, 1980) , which only allows stable kinetochore microtubules (K-fibers) to remain. In Ndc80 depleted cells cold-stable K-fibers were completely absent but expression of Ndc80 rescued this and restored the number of cells displaying a metaphase configuration to control levels (Fig. 1F) . In contrast the rescue with Ndc80dLoop did not restore K-fibers and cells with a metaphase plate configuration were absent.
Together these results show that the loop region of Ndc80 is essential for end-on microtubule attachment in human cells.
The internal loop region is not required for forming a proper Ndc80 complex Although the Ndc80dLoop appeared to localize normally to kinetochores the observed defects in end-on attachment could be the result of improper Ndc80 complex formation. To address this we first reconstituted the Ndc80 and Ndc80dLoop complexes from purified components expressed in bacteria and analyzed the complexes by size-exclusion chromatography on a Superose 6 column. The two eluted at the expected size (Ciferri et al., 2005) with similar stoichiometry of the four subunits ( Fig. 2A,B) . In all our purifications the Ndc80dLoop complex migrated slightly slower on the size exclusion column indicating a change in Stokes radius. We used the purified complexes in microtubule pelleting assays to assess their microtubule binding ability. A precise comparison was complicated by the fact that the Ndc80dLoop complex was able to pellet a small amount in the absence of microtubules. Taking the amount of Ndc80 complexes pelleting in the absence of microtubules into account we did not observed a major difference in binding (Fig. 2B,C) . This is to be expected as the microtubule binding activity of the Ndc80 complex resides in the N-terminus of the Ndc80-Nuf2 dimer and in line with the observation that the Ndc80 bonsai construct binds normally to microtubules .
Finally we analyzed the complexes by electron microscopy (EM) and negative stain to determine if removal of the loop RNAi and in cells expressing Ndc80dLoop is underestimated as cells normally stayed arrested for the duration of the recording and therefore never entered anaphase. However, anaphase was set to the end of recording for cells that had been monitored for at least 2 hrs. (E) Immunofluorescence analysis of cells depleted of endogenous Ndc80 and rescued with Ndc80 or Ndc80dLoop and stained for Ndc80 (green), microtubules (red) and chromosomes (blue). The higher magnification images of the boxed areas (to the right of each main image) are from single z-sections and show the lateral attachments that Ndc80dLoop makes to microtubules. Several z-sections are shown for Ndc80dLoop whereas one is shown for Ndc80. (F) Cells were incubated for 15 min on ice before fixation and staining for Ndc80 (green) and microtubules (red). 200 mitotic cells were inspected for each condition, and number of cells in metaphase and that were displaying cold-stable microtubules were scored (number indicated below the still images). The enlarged area (below) shows the absence of end-on attachment in cells rescued with Ndc80dLoop.
affected the structure of the Ndc80 complex. We analyzed 42 molecules of Ndc80 complexes and scored whether they displayed the very characteristic kink that has been observed (Wang et al., 2008) . As the Ndc80 complexes show a distribution of angles this is a slightly arbitrary scoring but it did reveal that approximately 60% (26 out of 42) of Ndc80 complexes displayed the kink in agreement with a previous study ( Fig. 2D) (Wang et al., 2008) . The analysis of Ndc80dLoop complexes by EM was complicated by the fact that the molecules seemed to cluster on the grids and fewer single molecules were clearly visible. We did identify 42 single molecules of the Ndc80dLoop complexes and analysis of these complexes revealed that only 9 molecules out of these displayed the kink. Using this classification, a Fisher exact test (two-tailed) gives a P-value of 0.0003, showing that there is a correlation between the presence of the loop, and degree of kinking in the particle. Overall our biochemical analysis supports that the Ndc80 complex can assemble properly in the absence of the loop region and that defects in assembly and microtubule binding is not the likely cause of the observed phenotype. We cannot rule out the possibility that in the context of the kinetochore the exact orientation of the microtubule binding activity of Ndc80 is critical for microtubule binding.
An artificial loop sequence results in a similar phenotype as Ndc80dLoop
The EM analysis pointed towards structural changes in the Ndc80dLoop complex which was to be expected as the loop region is likely responsible for creating the kink in the structure. To determine whether a structural change in Ndc80 could account for the defect in end-on attachment we reversed the amino acid sequence from 427-450, which created an Ndc80 molecule with the same coiled-coil prediction as Ndc80 but with a loop sequence with no sequence similarity to the original sequence ( Fig. 3A ; supplementary material Fig. S1 ). This form of Ndc80 will be referred to as Ndc80rLoop. We created an isogenic stable HeLa cell line expressing Ndc80rLoop-Venus and performed RNAi-rescue experiments and analyzed this both by time-lapse microscopy and immunofluorescence. Ndc80rLoop had a phenotype very similar to Ndc80dLoop in that cells did not form a metaphase plate and arrested in mitosis for a prolonged time (Fig. 3B) . Similarly there were no cold-stable K-fibers present in these cells again indicating a failure in end-on microtubule attachment (Fig. 3C ).
This result shows that an artificial loop is not able to support the function of the loop region potentially indicating that the exact sequence of the loop is important. Whether the artificial loop alters the flexibility of the Ndc80 complex and this is the reason why the Ndc80rLoop is not functional is currently not clear.
Quantitative mass spectrometry reveals the absence of the Ska-complex in Ndc80dLoop complexes purified from cells
Our results with the Ndc80rLoop indicated to us that maybe the loop region of Ndc80 was interacting with proteins required for kinetochore microtubule interactions in line with the recent observations in yeast.
To determine which proteins depended on the loop region for interaction with Ndc80 we employed a quantitative mass spectrometry approach (Ong et al., 2002; Ong and Mann, 2006) in which cell lines were isotopically labeled resulting in three distinct cell populations that could be simultaneously analyzed in the mass spectrometer (Fig. 4A) . Briefly, stable isotope labeling of amino acids in cell culture (SILAC) was employed. The parental HeLa cell line was labeled with amino acids to give rise to the light condition (L), Ndc80-Venus expressing cells labeled to give rise to the medium condition (M) and Ndc80dLoop-Venus expressing cells labeled to give the heavy condition (H). 
The Ndc80 loop recruits the Ska complex 3247
Cells were arrested in prometaphase with nocodazole and harvested by mitotic shake-off and Ndc80 complexes purified under mild conditions using GFP-binder (Rothbauer et al., 2008) . We chose to arrest cells with nocodazole because the Ndc80dLoop expressing cells were not able to make end-on attachment to microtubules and therefore a quantitative comparison would be complicated by the difference in microtubule binding between the Ndc80 and Ndc80dLoop complexes. Adding nocodazole prevented this problem as microtubules are removed. The purified complexes were eluted and the eluates were mixed 1:1:1 and analyzed simultaneously by mass spectrometry. Ndc80 and Ndc80dLoop displayed similar ratios and co-purified all components of the KMN network as well as a number of CENP proteins (Fig. 4B ). There was a reduction in the H/L ratio of all KMN network components in the Ndc80dLoop sample compared to the M/L ratio observed in Ndc80 sample and the ratio of Cenp-C was very low in the Ndc80dLoop sample. This either indicates a less stable KMN network with components being lost during purification or less efficient incorporation into the kinetochore of Ndc80dLoop. We also identified all three components of the Ska complex in Ndc80 purifications with high ratios but low intensity. Importantly all three Ska complex components were strongly reduced in Ndc80dLoop purifications showing peptide ratios similar to the control purifications (Fig. 4B,C) . This was not a general trait of dynamic kinetochore proteins such as Bub1, BubR1 and Astrin as they were still present although reduced in Ndc80dLoop purifications (Fig. 4B , and data not shown).
Our mass spectrometry analysis revealed that binding of the Ska complex was extremely sensitive to the removal of the internal loop region indicating that the Ska complex could make a direct interaction with this region. Since the complex purifications were done from nocodazole-arrested cells and at low temperature the interaction we observe with the Ska complex is unlikely to be mediated by microtubules.
Recruitment of the Ska complex to the kinetochore requires the internal loop region of Ndc80
It has previously been shown that the recruitment of the Ska complex to kinetochores depends on Ndc80 (Hanisch et al., 2006) . Three cell populations were labeled with different isotopes as indicated to produce a light (L), a medium (M) and a heavy (H) cell population that could be distinguished in the mass spectrometer. The light sample was a control purification whereas the medium sample expressed Ndc80-Venus and the heavy sample expressed Ndc80dLoop-Venus. Following purification with GFP binder the samples were mixed 1:1:1 and analyzed by LC-MS. (B) Plot of H/L ratios from the Ndc80dLoop sample for the subset of proteins in the Ndc80 sample that had a M/L ratio of ,5. Red indicates the KMN network components and green indicates the three Ska complex components. Two peptides were detected for Ska1 and three peptides for Ska2. For Ska3 we only detected 1 peptide. (C) Examples of recorded spectra for an Ndc80 peptide and a peptide of Ska1. The color scheme is the same as in A. The mass to charge value is indicated above each peak.
To further explore the role of the internal loop region of Ndc80 in recruitment of the Ska complex we removed the endogenous Ndc80 and rescued with either wild type Ndc80 or loop mutants. In our analysis we included a version of Ndc80 with a mutation in the toe region, Ndc80 K166E, which is known to disrupt microtubule binding (Alushin et al., 2010; Tooley et al., 2011) . Indeed our characterization of Ndc80 K166E revealed a failure of cells to form cold-stable microtubules and cells displayed a prolonged mitotic arrest similar to Ndc80 loop mutants (supplementary material Fig. S3 ). Since the recruitment of the Ska complex to the kinetochore is sensitive to microtubule binding including Ndc80 K166E in the analysis allowed us to discriminate between general defects due to a failure in microtubule binding and specific defects due to the removal of the loop region.
To analyze the effect of Ndc80 mutants on kinetochore localization of the Ska complex we performed RNAi rescue experiments with the different forms of Ndc80. The Ska3 signal on kinetochores was quantified from cells in prometaphase during an unperturbed mitosis and normalized to the CREST signal. We also stained for Ndc80 in the same cells to ensure the RNAi rescue had worked and that Ndc80 was incorporated. We did not see any differences in Ndc80 levels in these experiments indicating full incorporation of the different forms (see Fig. 6B ).
Removal of Ndc80 by RNAi resulted in the loss of Ska3 staining from the kinetochore and this was restored to normal levels by expressing wild type Ndc80 (Fig. 5A,B) . Expression of Ndc80 K166E restored the levels of Ska3 at kinetochores to approximately 90% of its normal levels. In contrast, Ndc80dLoop and Ndc80rLoop restored Ska3 staining at kinetochores to approximately 20% and 40% respectively. Similar observations were obtained with an antibody towards the Ska1 component (supplementary material Fig. S4 ) but the staining with this antibody had a higher background than the Ska3 antibody.
This analysis reveals a role of the Ndc80 loop region in recruiting the Ska complex to kinetochores.
A fraction of KNL1 is specifically reduced at the kinetochore in Ndc80 loop mutants
The mass spectrometry analysis indicated that KMN network components co-purified less efficiently with Ndc80dLoop and therefore we investigated their kinetochore localization carefully by quantitative immunofluorescence in Ndc80 loop mutants.
To analyze the assembly of the KMN network and other components of the kinetochore we performed an RNAi rescue experiment with Ndc80 and Ndc80dLoop and stained for kinetochore components in nocodazole treated cells. As expected the removal of Ndc80 resulted in greatly reduced levels of Spc25 on the kinetochores and the localization of Spc25 was restored to equal levels upon expression of both Ndc80 and Ndc80dLoop (Fig. 6) . Although the staining of our Nuf2 antibody was not sufficiently good to allow a quantitative comparison there appeared to be equal levels at kinetochores in Ndc80 and Ndc80dLoop (data not shown). Zwint and CENP-H levels, components of the KMN and CCAN network respectively, were partly reduced in their levels and this was also restored upon expression of both forms of Ndc80. Kinetochore localization of the Mis12 complex component DSN1 was not affected by the removal of Ndc80. The SAC protein Mad1 was also present at normal levels indirectly supporting that the RZZ complex was recruited to Ndc80dLoop (data not shown).
In contrast when we analyzed the localization of KNL1 this was reduced by the removal of Ndc80 to approximately 70% of its levels in control cells. Although rescue with Ndc80 restored the levels of KNL1 at the kinetochore this was not the case for either Ndc80dLoop or Ndc80rLoop (supplementary material Fig.  S5 ). To determine whether this effect was specific to the Ndc80 loop mutants we also included Ndc80 K166E in the analysis. In the kinetochores containing Ndc80 K166E the levels of KNL1 was almost restored to that observed in kinetochores incorporating wild type Ndc80, indicating that the reduction of KNL1 is specific to the loop mutants.
We conclude from these observations that a fraction of KNL1 depends on Ndc80 for incorporation into the kinetochore and that this incorporation requires the loop region of Ndc80 (supplementary material Fig. S5 ).
Discussion
The loop region as a flexible scaffold for recruiting proteins to the Ndc80 complex Our analysis reveals that the internal loop region of human Ndc80 is essential for kinetochores to make end-on attachment to microtubules. There are likely several factors contributing to this namely a potential change in the orientation of the N-terminus of Ndc80 with respect to other KMN network components and also a failure in recruitment of the Ska complex. Interestingly recent studies in fungi have also shown that the loop region regulates kinetochore microtubule dynamics and end-on attachment through the recruitment of Dis1 or the Dam1 complex (Hsu and Toda, 2011; Maure et al., 2011) . The internal loop region thus has a conserved function in recruiting specific factors to the kinetochore. The Ska complex has been proposed to be the functional equivalent of the yeast Dam1 complex and it is interesting to note that both complexes appear to be dependent on the loop region. Since a loop region allows great sequence flexibility it can easily adapt to recruit specific proteins in different species while still maintaining the kink in the Ndc80 structure. The position of the loop approximately 20 nm away from the microtubule binding activity of the Ndc80/Nuf2 heads (Wang et al., 2008) is also close enough to influence the microtubule binding activity of the kinetochore (supplementary material Fig. S6 ). Furthermore, since the plus ends of microtubules are found approximately 10-15 nm inside the Spc24/25 heads (Wan et al., 2009 ) proteins bound to the loop would also be close to the dynamic microtubule termini.
In addition to providing a binding site for more dynamic kinetochore proteins we also find that the loop region in human cells has an impact on KNL1 levels. In our hands depletion of Ndc80 results in reduction of KNL1 levels by 30% (in some experiments up to 40%), which was not restored by expression of either Ndc80 loop mutants. Whether this reflects an outright interaction of the Ndc80 complex with KNL1 or is due to the loss of the Ska complex, the depletion of which also reduces KNL1 levels (Gaitanos et al., 2009) , is not clear. We note that no direct binding between Ndc80 and KNL1 has been observed in studies where this was investigated (Maskell et al., 2010; Petrovic et al., 2010) . Given that the entire KMN network seems less stable in Ndc80dLoop complexes based on the observed reduction in co-purifying KMN network components identified by mass spectrometry, it could be that the loop assists in stabilizing the entire KMN network or that a change in Ndc80 structure upon removal of the loop affects KMN network stability.
The Ska1 protein was originally identified in a mass spectrometry screen of the mitotic spindle which lead to the identification of the Ska complex composed of Ska1, Ska2 and Ska3 (Guimaraes and Deluca, 2009 ). In vitro the reconstituted Ska complex has a similar affinity to microtubules as the reconstituted KMN network and also appears to interact with the acidic C-terminus of microtubules (Welburn et al., 2009) . While incomplete removal of Ska components leads to a delay in the metaphase to anaphase transition (Gaitanos et al., 2009; Hanisch et al., 2006; Welburn et al., 2009) the Ska complex has an essential role in establishing kinetochore-microtubule interactions.
The recruitment of the Ska complex to kinetochores depends on the Ndc80 complex and is stimulated by microtubule binding to kinetochores (Hanisch et al., 2006) . Several lines of evidence presented here supports a specific role of the Ndc80 loop in recruiting the Ska complex to kinetochores. Firstly, the Ska components had background ratios in our mass spectrometry samples of Ndc80dLoop even though other transient kinetochore proteins such as Bub1 and BubR1 are still present. Secondly, quantitative immunofluorescence reveals a defect in the recruitment of the Ska complex in Ndc80 loop mutants but not in the Ndc80 K166E mutant that is also unable to bind microtubules and make end-on attachments. Thirdly, the phenotype of the Ndc80 loop mutants described here resembles the phenotype of complete Ska complex depletion. We have also analyzed Ska1 localization The Ndc80 loop recruits the Ska complex 3251 following KNL1 depletion but this only leads to a minor decrease in Ska1 levels indicating that the Ndc80 complex is providing the major interaction site for the Ska complex.
A direct interaction between the Ndc80 complex and the Ska complex has not been observed [see discussion in Hanisch et al. (Hanisch et al., 2006) ] and potentially another protein bridges the interaction between the two complexes or post translational modifications are required for them to bind. Currently we cannot rule out that Ndc80 loop mutants affects the orientation and interactions within the KMN network and that the Ska complex has multiple interactions within the KMN network that has to be positioned correctly for productive binding to occur. Understanding how the interaction between the Ndc80 complex and the Ska complex and their activities are regulated will be crucial goals for the future but the function of the Ndc80 loop region described here is an important step forward.
Materials and Methods

Cloning and cell lines
Ndc80 was amplified with the primers 59-GTACAAGCTTACCATGAAGCGC-AGTTCAG-39 and 59-GTACGCGGCCGCGCTTCTTCAGAAGACTTAATTAG-39 and cloned into the HindIII and the NotI site of pcDNA5/FRT/TO Venus. The Ndc80 was made insensitive to the RNAi oligo (59-GAGUAGAACUAGA-AUGUGA-39) by introducing silent mutations in Ndc80 with quick change PCR using the following primers: 59-GGAAATTGCTAGAGTGGAGCTTGAGTG-TGAAACAATAAAA-39 and its reverse complement. The loop region was removed from pcDNA5/FRT/TO Ndc80 Venus and pGEX 6P 2RBS Ndc80/Nuf2 (a gift from Andrea Musacchio) by performing quick change PCR with 59-GCTAGAAAATTAAAACTTATTCCTGTCAAATACAGGGCTCAAG-39 and its reverse complement. To reverse the loop sequence in Ndc80 a two step PCR protocol was used. All constructs were verified by sequencing.
Generation of stable HeLa/FRT/TRex cell lines expressing inducible Ndc80 constructs were done as described previously (Nilsson et al., 2008) .
Protein expression and tubulin binding
Expression and purification of Ndc80 complexes was done as described by Ciferri et al. (Ciferri et al., 2005) . Ndc80 protein stocks were kept in 50 mM Tris-HCl, 600 mM NaCl, 1 mM DTT, 1 EDTA pH 7.6 at 220˚C.
Tubulin was diluted in BRB80 buffer (80 mM Pipes/KOH pH 6.8, 1 mM MgCl 2 , 1 mM EGTA) and stabilized with 100 nM Taxol and 1 mM GDPNP as described by the supplier (Cytoskeleton, Inc.). Ndc80 complexes were diluted to 1 mM in BRB80 buffer with 10% glycerol and 5 ml of this was mixed with 20 ml tubulin suspension. After incubation for 5 min. at room temperature the binding reaction was placed on top of a 100 ml glycerol cushion (BRB80 with 50% glycerol and 100 nM Taxol and 1 mM GDPNP) and centrifuged for 17 min at 36,000 g. The supernatant and cushion were removed and the pellet was resuspended and analyzed by SDS-PAGE.
EM analysis
Purified protein was exchanged into a buffer containing 50 mM Tris pH 7.5, 100 mM NaCl at 20 mg/ml on a Superose 6 column and directly used to prepare grids. Protein complexes were applied to glow-discharged, carbon-coated grids, stained with 2% (w/v) uranyl acetate and visualized using a JEOL 1010 microscope (JEOL, Japan) operating at 80 kV. Image analysis was carried out using ImageJ (NIH).
Immunofluorescence and antibodies
Cells growing on coverslips were pre-extracted with 0.5% Triton X-100 in PHEM buffer (60 mM PIPES, 25 mM HEPES, pH 6.9, 10 mM EGTA, 4 mM MgSO 4 ) for 5 min before fixation by 4% paraformaldehyde in PHEM buffer for 20 min at 37˚C. For microtubule stability assay, cells were incubated on ice for 15 min before preextraction and fixation. The antibodies used for cell staining include Ndc80 (Abcam, ab3613, 1:200), CREST (Antibodies Inc., 15-235-0001, 1:400), tubulin (Abcam, ab6160, 1:250), BubR1 (Bethyl, A300-386A, 1:400), Mad1 (Sigma, M8069, 1:200), Spc25 (gift from Todd Stukenberg, 1:500), CENP-H (gift from Patrick Meraldi, 1:4000), Nuf2 (Abcam, ab17058, 1:300), Ska1 (gift from Erich Nigg, 1:500), Ska3 (gift from Erich Nigg, 1:500), GFP (Abcam, ab290, 1:400) and Zwint (Bethyl, A300-781A, 1:200). Fluorescent secondary antibodies were Alexa Fluor dyes (Invitrogen, 1:1000). Images were collected using a 1006objective on a Deltavision microscope (Applied Precision, Washington, USA) with 200 nm between each stack. Protein intensity on kinetochores was quantified by drawing a circle closely along the rodlike CREST staining and encompassing the outer kinetochore protein of interest on both kinetochores of a pair. The intensity values from all stacks were calculated and the intensity from the three continuous peak stacks were subtracted the background from neighboring areas and averaged. All the averaged intensity was normalized against the CREST fluorescent intensity.
Ndc80 RNAi and rescue
HeLa stable cell lines were cultured in DMEM medium (Invitrogen) supplemented with 10% fetal bovine serum, penicillin streptomycin, hygromycin B and blasticidin (Invitrogen). Cells were synchronized by 2 mM thymidine (Sigma) for 24 hr before transfection with 50 nM Ndc80 or luciferase RNAi oligo (Sigma; 59-CGUACGCGGAAUACUUCGA-39) by Lipofectamine RNAiMAX Transfection Reagent (Invitrogen). The expression of wild type or mutant Ndc80 constructs was induced immediately after RNAi treatment. 12 hr after RNAi treatment the cells were arrested with aphidicolin (Sigma) for 24 hr. After release from the aphidicolin block [into medium containing 200 ng/ml nocodazole (Sigma) for KMN network component staining or into fresh medium for the mitotic spindle or Ska complex staining], the cells were fixed and stained with the specified antibodies.
Live cell imaging
Cells grown on eight-well slides (Ibidi) were washed once with PBS before being cultured in L-15 medium supplemented with 10% fetal bovine serum (Invitrogen). The slide was mounted onto a Deltavision microscope for live cell imaging. A 406 oilimmersion objective was used and the DIC and YFP channels were recorded for 12 hrs at 4-10 min intervals. ImageJ (NIH) and Softworx were used to analyze the data.
Immunoprecipitation
Cells expressing wild type or mutant Ndc80 were lysed in lysis buffer (10 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5 mM EDTA and 0.5% NP40). GFP-Trap (ChromoTek) beads were applied to the cleared cell lysate and incubated for 10 min at room temperature or 1 h at 4˚C. Protein complexes captured by the GFPbinder beads were eluted in 26 SDS sample buffer and boiled for 10 min at 95˚C.
SILAC labeling
Generally SILAC DMEM media without arginine and lysine (PAA) was supplemented with 10% dialyzed fetal bovine serum (PAA), Penicillin Streptomycin and Glutamax (Invitrogen) and isotope labeled arginine and lysine. L-lysine/HCl and L-arginine/HCl (Sigma) were used for light culture. L-lysine/ 2HCl (4,4,5,5-D4, 98%) and L-arginine (U-13C6, 99%) (Cambridge Isotope Laboratories) were used for medium culture while L-lysine/2HCl (U-13C6, 99%; U-15N2, 99%) and L-arginine/HCl (U-13C6, 99%; U-15N4, 99%; Cambridge Isotope Laboratories) were for heavy culture. Cells seeded in SILAC medium were cultured for at least five divisions before harvest. Induction of the wild-type or mutant Ndc80 constructs was performed 48 hrs before harvesting. Immunoprecipitation was performed as described above from cell lysate with equal amounts of protein.
Mass spectrometry analysis
The eluate from the beads were reduced and alkylated and loaded onto an SDS-PAGE gel. The lane was cut into 10 pieces and subjected to in-gel tryptic digestion and subsequent sample desalting and concentration, as described previously (Shevchenko et al., 2006) . The resulting peptide mixture was analyzed by nano-HPLC-MS/MS using an easy-nLC nanoflow system (Thermo Scientific, Odense, Denmark) connected to an LTQ-Orbitrap Velos mass spectrometer (Thermo Scientific, Bremen, Germany) through a nano-electrospray ion source. The column length was 150 mm with 75-mm inner diameter, and packed in-house with 3-mm C 18 beads (Reprosil-AQ Pur, Dr. Maisch). Each sample was analyzed using a 120-min gradient from 5 to 35% acetonitrile in 0.5% acetic acid. The mass spectrometer was run in a data dependent mode choosing the ten most intense peaks for HCD fragmentation and measurement in the orbitrap with dynamic exclusion enabled. Fullscans were acquired at a resolution of 30,000 and a target values set to 1e6 with a maximum injection time of 500 ms. Fragment scans were measured at 35% collision energy at a resolution of 7500 with a set target value of 5e4 and a maximum injection time of 250 mms. Lock mass was enabled during the run (Olsen et al., 2005) .
Data analysis was performed in the MaxQuant environment version 1.2.0.24 using the Andromeda search engine. The database searched was the Human International Protein Index version 3.68 (EBI, United Kingdom) concatenated with a list of commonly observed background contaminants. For the search oxidation of methionine, protein N-terminal acetylation, and N-terminal glutamine to pyroglutamate were specified as variable modifications and carbamidomethyl of cysteine was set as fixed modification. The FDR rate was set at 1% according to the decoy database search strategy (Elias and Gygi, 2007) .
